In this work, the corrosion behavior of an AA6012 aluminum alloy, submitted to a T6 strengthening treatment (solubilization and aging), and later to a severe plastic deformation, through equal channel angular pressing (ECAP) was studied. Some of these samples were submitted to a cryogenic treatment before the ECAP process. The analysis of corrosion behavior of the AA6012 samples was carried out at room temperature by means of electrochemical characterization in 0.1 M Cl − deaerated and aerated solution at pH 2. For this purpose, Tafel plots and electrochemical impedance spectroscopy tests were performed. The evolution of the microstructure was studied by means of SEM and TEM observations. The experimental results show that the cryogenic treatment does not influence the corrosion behavior of the studied alloy submitted to T6 treatment. Moreover, it was found that the ECAP technique does not induce a marked deterioration of the analyzed samples in terms of corrosion resistance.
Introduction
Aluminum alloys of 6XXX series are mainly employed in structural applications for their light-weight, good mechanical properties, better weldability, higher corrosion resistance, and lower price. Among these aluminum alloys, the AA6012 is used for its good formability and machinability as well as weldability and corrosion resistance. In particular, the addition of lead increases the alloy machinability and allows its use for many applications.
To improve mechanical properties, maintaining a suitable level of ductility, ultra-fine grained (UFG) metallic materials, including 6XXX Al alloys, have been considered and greatly studied. Severe plastic deformation (SPD) techniques are applied to obtain UFG metallic materials and among them the equal channel angular pressing (ECAP) is used. It does not induce any cross sectional change and maintains a uniform microstructure of the whole processed alloy [1, 2] . For this reason, a large number of research studies on the mechanical properties and the microstructure evolution of the metals processed by this technique has been recently produced [3] [4] [5] [6] . In particular, the UFG AA6012, obtained by ECAP, showed an improvement of its mechanical properties even after a single pass [7] .
On the contrary, corrosion behavior of aluminum alloys, processed by ECAP, are still under study. They are susceptible to all corrosion forms, but pitting is the most important one. Generally, pitting occurs when the passive film around second phase particles, scratches, mechanical defects, or stochastic local discontinuities is broken down [8] [9] [10] [11] . These different characteristics of the alloy surface depend
Materials and Methods
The aluminum alloy studied in the present work was AA6012, in the form of cylindrical bars, with a diameter of 10 mm, whose chemical composition is (wt%): 0.8 Si, 0.5 Mn, 1.0 Mg, 0.8 Pb, 1.0 max (Fe + Cu + Cr + Zn + Ti).
Different samples of the bars were submitted to ECAP, heat treatment, and cryogenic dipping in order to evaluate the combined effects of these processes on the corrosion behavior of the alloy.
The ECAP die was made up of a SK3 tool steel block containing an L-shaped channel, which was obtained by two linear channels intersecting at an angle of 90 • . The diameter of the circular cross-section of the L-shaped channel was 10 mm. The ECAP processing (E) consisted of pressing, for only one pass into the die, 100 mm long samples by means of 40-80 kN force with a speed of 100 mm/min. The cryogenic processing (C) of the sample bars was performed by dipping them into liquid nitrogen for at least 2 h immediately before the introduction into the ECAP die. The two heat treatments applied to the samples were: solubilization (S) at 475 • C for 2 h; aging (A) at 185 • C for 16 h; and quenching in water (T6 strengthening treatment). The sequence of the treatments applied to the different examined samples is reported in Table 1 , where the numbers give the order from which arises the label in the first column. In this way, the influence of the different treatments on the AA6012 alloy was studied.
The electrochemical characterization of AA6012 alloy, subjected to the different treatments reported in Table 1 , was performed on the cross-sections of rod samples (Φ 1.00-1.14 cm; height 1 cm). The samples were embedded in an epoxy resin, mechanically grounded by emery papers up to 4000 grit, and polished with alumina (1 µm). Subsequently, the samples were ultrasonically cleaned in ethanol for 10 min, rinsed in demineralized water, and dried in a stream of warm air. After the obtainment of a suitable electric contact, they were the working electrodes (exposed surface 0.50-0.70 cm 2 ) of a three-electrode cell; a saturated calomel electrode (SCE, +0.241 V vs SHE at 25 • C), as reference, and a platinum spiral wire, as counter, were used. All the electrochemical analyses were carried out by means of a Gamry Reference 600 potentiostat (Gamry instruments, Warminster, PA, USA). --2  SCA  1  2  -3  SAC  1  3  2  SCAE  1  2  4  3  SACE  1  3  4  2  SAE  1  -3  2 Just after sample immersion in the testing solution with a concentration of 0.1 M Cl − (0.09 M NaCl + 0.01 M HCl) at pH 2, the measurements were carried out at room temperature after achieving a stationary value of the corrosion potential E corr , for at least 30 min. Subsequently, the corrosion behavior was studied by means of Tafel plots recorded in deaerated and aerated solutions. In the case of deaerated conditions, the N 2 bubbling and solution stirring was maintained for at least an hour. After this period, the stirrer was stopped, and electrochemical tests were performed. The Tafel plots were obtained by potentiodynamic scans at a scan rate of 0.166 mV/s from E corr − 150 mV to E corr + 150 mV. All curves were compensated from ohmic drop between the working and reference electrodes. The results were analyzed by the fitting method described in [22] , and the kinetic parameters and the corrosion current density were obtained.
In the aerated testing solution, EIS measurements were also performed at different time of exposure: 0, 3, 6, and 24 h. The applied AC signal was 10 mV rms, in the frequency range of 100 kHz-10 mHz, swept by setting 5 points/decade. EIS data were fitted by Gamry Echem Analyst software.
All electrochemical tests were repeated three times.
To determine the influence of intermetallics on the corrosion resistance of the AA6012 alloy, SEM and energy dispersive X-ray analysis (EDX) were carried out (before and after corrosion tests). These investigations were performed by means of a Zeiss Supra 40 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) coupled with a Bruker Quantax series 5000L N2-free XFlash (Bruker Nano GmbH, Berlin, Germany). TEM observations were carried out on some samples before corrosion tests, using a Philips CM-20 (Eindhoven, The Netherlands) equipped with a double tilt specimen holder, and operated at 200 kV. TEM discs were prepared with conventional dimpling and Precision Ion Polishing System (PIPS) techniques. Figure 1 displays the Tafel plots obtained by testing the studied samples in the deaerated solution, whereas Table 2 reports the average kinetic parameters obtained from the fitting of all curves recorded for all samples of each series. On considering the anodic branches, Figure 1 shows an almost active corrosion in all cases, even if a slight inflection toward positive potentials was particularly visible for the non-ECAPed samples. During the potential scan, this anodic characteristic indicates that these samples had a minor tendency to be oxidized compared to the ECAPed ones. A confirmation of this observation was given by the higher values of b a for the non-ECAPed samples with respect to those corresponding to the ECAPed samples (Table 2) . However, the values of current densities related to the inflection point could not be attributed to a tendency to passivation of the alloy, because they were higher with respect to those of passive metallic materials (around 10 −7 -10 −5 A/cm 2 ). Concerning the cathodic branches, they were almost overlapped and could be attributed to the hydrogen reduction: in fact, the b c values of Table 2 were close to the theoretical value of this process (−0.120 V/decade).
Results and Discussion
The fitting of Tafel plots supplied also the corrosion current density i corr (not reported in Table 2 ), while the polarization resistance R p was calculated by using the Stern-Geary equation: R p = B/i corr . i corr and R p of the different samples are reported in Figure 2 , which shows that the corrosion behavior seemed more or less the same, taking into account the error bars. Therefore, corrosion resistance was scarcely dependent from the sequence of treatments undergone by AA6012 alloy. It was possible to observe only a slight lower corrosion resistance of the samples processed by ECAP with respect to the other ones: R p for ECAPed samples (SCAE, SACE, SAE) was around an average value of 2550 Ω·cm 2 (i corr around 13 µA·cm −2 ) and R p for the non-ECAPed samples (SA, SCA, SAC) was around an average value of 3180 Ω·cm 2 (i corr around 11 µA·cm −2 ). the hydrogen reduction: in fact, the bc values of Table 2 were close to the theoretical value of this process (−0.120 V/decade).
The fitting of Tafel plots supplied also the corrosion current density icorr (not reported in Table  2 ), while the polarization resistance Rp was calculated by using the Stern-Geary equation: Rp = B/icorr. icorr and Rp of the different samples are reported in Figure 2 , which shows that the corrosion behavior seemed more or less the same, taking into account the error bars. Therefore, corrosion resistance was scarcely dependent from the sequence of treatments undergone by AA6012 alloy. It was possible to observe only a slight lower corrosion resistance of the samples processed by ECAP with respect to the other ones: Rp for ECAPed samples (SCAE, SACE, SAE) was around an average value of 2550 Ω·cm 2 (icorr around 13 μA·cm −2 ) and Rp for the non-ECAPed samples (SA, SCA, SAC) was around an average value of 3180 Ω·cm 2 (icorr around 11 μA·cm −2 ). Considering in particular the role of cryogenic treatment, the results of the present work did not agree with previous findings [7, 21] , where the AA6012 alloy was not submitted to the artificial aging (A). With more details, previous studies showed that the cryogenic treatment, applied before ECAP, reduced its negative effect on the corrosion resistance of AA6012 alloy, while, in the present case, it was not more effective, as could be observed by comparing the corrosion resistance of SACE and SAE samples ( Figure 2 ). The beneficial effect of cryogenic treatment was previously attributed to the reduction of the formation of secondary β-phases (Mg2Si), promoted by ECAP processing [3] . These phases affected negatively the corrosion behavior of AA6012 alloy because they were more anodic with respect to the Al-matrix [23, 24] . The fact that the effect of cryogenic treatment was not observed Considering in particular the role of cryogenic treatment, the results of the present work did not agree with previous findings [7, 21] , where the AA6012 alloy was not submitted to the artificial aging (A). With more details, previous studies showed that the cryogenic treatment, applied before ECAP, reduced its negative effect on the corrosion resistance of AA6012 alloy, while, in the present case, it was not more effective, as could be observed by comparing the corrosion resistance of SACE and SAE samples ( Figure 2 ). The beneficial effect of cryogenic treatment was previously attributed to the reduction of the formation of secondary β-phases (Mg 2 Si), promoted by ECAP processing [3] . These phases affected negatively the corrosion behavior of AA6012 alloy because they were more anodic with respect to the Al-matrix [23, 24] . The fact that the effect of cryogenic treatment was not observed in this work could be attributed to the artificial aging, which is the process that, together with solubilization, was always applied to all samples (Table 1) . Therefore, taking into account the well-known precipitation hardening determined by this process, it was possible to promote the precipitation of the secondary phases and thus to reduce the difference in the corrosion behavior among all the examined samples, independently from the effect of cryogenic process on the formation of these phases. On the other hand, only ECAP slightly lowered the corrosion resistance of the tested samples, as observed above, because it promoted the further precipitation of secondary phases.
In the case of the aerated solution, the Tafel plots ( Figure 3 ) were considerably overlapped, and a significant difference on the corrosion behavior among the examined samples could not be observed. Table 3 and Figure 4 give a confirmation of these results. With more details, Table 3 reports the average of kinetic parameters for the different samples, obtained from the fitting of Tafel plots. Considering the anodic branches and the relative b a values, all samples showed an almost active behavior, and the values of b c (Table 3) , even in this case, indicated that the main cathodic reaction, participating in the corrosion process, was the hydrogen reduction. From the i corr values (not reported in Table 3 ), R p was calculated as explained above. Both i corr and R p are displayed in Figure 4 . In the aerated solution, R p values of the different samples showed a higher variability compared to that of the samples examined in deaerated solution ( Figure 2 ). Therefore, it was pretty difficult to find a clear role played by the different treatments. Finally, considering the error bars and the low variability of i corr , even in this case a significant difference in the corrosion performances among the tested samples of AA6012 alloy could not be observed. In order to study possible differences of corrosion resistance among the different samples of AA6012 alloy (Table 1) , further electrochemical tests were carried out by means of EIS technique. The samples were submitted to a short-term exposure in the aerated testing solution by performing EIS measurements at 0, 3, 6, and 24 h. Figure 5 shows six Nyquist plots obtained by EIS tests performed on representative samples of each series (Table 1) , after 6 h of exposure. All plots showed two time constants: one at high frequencies, associated with a well-defined loop, which can be attributed to the parallel combination of a charge transfer resistance (Rt) and a double layer constant phase element (Qdl); and another at low frequencies, associated with a quite scattered and not always well-defined inductive loop. In the In order to study possible differences of corrosion resistance among the different samples of AA6012 alloy (Table 1) , further electrochemical tests were carried out by means of EIS technique. The samples were submitted to a short-term exposure in the aerated testing solution by performing EIS measurements at 0, 3, 6, and 24 h. Figure 5 shows six Nyquist plots obtained by EIS tests performed on representative samples of each series (Table 1) , after 6 h of exposure. All plots showed two time constants: one at high frequencies, associated with a well-defined loop, which can be attributed to the parallel combination of a charge transfer resistance (R t ) and a double layer constant phase element (Q dl ); and another at low frequencies, associated with a quite scattered and not always well-defined inductive loop. In the literature, the presence of an inductive loop in the impedance plot is generally attributed to the non-stationary contribution of adsorbed species on the metal corroding surface, participating in the whole faradaic process [25] [26] [27] [28] .
The appropriate circuit to fit the experimental data shown in Figure 5 was reported in a previous work [25] : it consisted of a parallel connection between a typical Randles circuit ( Figure 6 ) and a branch with a resistance in series with an inductance, both useful to fit the inductive loop. In this case, considering that there was a poor difference among the corrosion behavior of the different examined samples in aerated solution ( Figure 4 ) and a significant scattering of data at low frequency ( Figure 5 ), in correspondence to the inductive loop, the risk was the impossibility of obtaining feasible parameters related to this loop and scarce additional information on the system under study. Therefore, the EIS data analysis was simplified using the simple Randles circuit shown in Figure 6 , considering and then selecting only the impedance data corresponding to the high frequency loop (R t -Q dl ). This choice, reported also in [29] , gave the essential information for this study, which was the charge transfer resistance R t . R t was the corrosion parameter used in the Stern-Geary type relationship in place of polarization resistance (R p ) to obtain the corrosion current i corr of the examined samples (i corr = B/R t ), as reported in the literature [25, [30] [31] [32] . In Figure 6 , the other circuit elements shown were: R s , the solution resistance between working electrode and reference electrode; and Q dl , the constant phase element associated with the double layer capacitance present in the interface between the sample and the testing solution. [25] [26] [27] [28] . The appropriate circuit to fit the experimental data shown in Figure 5 was reported in a previous work [25] : it consisted of a parallel connection between a typical Randles circuit ( Figure 6 ) and a branch with a resistance in series with an inductance, both useful to fit the inductive loop. In this case, considering that there was a poor difference among the corrosion behavior of the different examined samples in aerated solution ( Figure 4 ) and a significant scattering of data at low frequency ( Figure 5 ), in correspondence to the inductive loop, the risk was the impossibility of obtaining feasible parameters related to this loop and scarce additional information on the system under study. Therefore, the EIS data analysis was simplified using the simple Randles circuit shown in Figure 6 , considering and then selecting only the impedance data corresponding to the high frequency loop (Rt-Qdl). This choice, reported also in [29] , gave the essential information for this study, which was the charge transfer resistance Rt. Rt was the corrosion parameter used in the Stern-Geary type relationship in place of polarization resistance (Rp) to obtain the corrosion current icorr of the examined samples (icorr = B/Rt), as reported in the literature [25, [30] [31] [32] . In Figure 6 , the other circuit elements shown were: Rs, the solution resistance between working electrode and reference electrode; and Qdl, the constant phase element associated with the double layer capacitance present in the interface between the sample and the testing solution. From this approach, the black curves shown in Figure 5 corresponded to the results of the fitting of the high-frequency loop. Each plot reports the circuit parameters values shown in Figure 6 and the relative percentage errors supplied by the analysis performed by Echem Analyst software. The errors were very low and were never higher than 3%.
From an in-depth observation of Figure 5 , it is clear that the corrosion resistance (Rt) was higher for non-ECAPed (left column of plots) samples with respect to the ECAPed ones (right column of plots). From this approach, the black curves shown in Figure 5 corresponded to the results of the fitting of the high-frequency loop. Each plot reports the circuit parameters values shown in Figure 6 and the relative percentage errors supplied by the analysis performed by Echem Analyst software. The errors were very low and were never higher than 3%.
From an in-depth observation of Figure 5 , it is clear that the corrosion resistance (R t ) was higher for non-ECAPed (left column of plots) samples with respect to the ECAPed ones (right column of plots).
Figures 7 and 8 show R t and i corr trends, respectively, as a function of exposure time. In general, it was possible to observe a reduction of R t and correspondingly an increase of i corr as a function of exposure time. More specifically, the considerations suggested by Figure 5 were confirmed by comparing the trends of the different samples: starting from 6 h of exposure, a relatively significant lower corrosion resistance of ECAPed samples (dotted lines: SAE, SCAE, SACE) with respect to non-ECAPed ones (solid lines: SA, SCA, SAC) could be observed. The trend of Qdl can be examined as a function of time considering that its admittance was Ydl = Y0,dl(jω) n , where Y0,dl and n are the characteristic parameters of the constant phase element, j is the imaginary unit, and ω the angular frequency of the AC signal used for EIS measurements [25] . Together with Rs and Rt, Y0,dl and n are reported on each plot of Figure 5 . The capacitance Cdl, associated with Qdl, can be calculated by Cdl = Y0,dl(ωmax) n−1 [33] , where ωmax is the angular frequency corresponding to the maximum absolute value of the imaginary part of impedance represented in Nyquist plots, like those shown in Figure 5 (in correspondence of the top of each semicircle). Figure  9 shows the average values of Cdl vs time for all types of samples. A general increase of this parameter indicated the progress of the corrosion of all samples of AA6012, because, during this process, the The trend of Q dl can be examined as a function of time considering that its admittance was Y dl = Y 0,dl (jω) n , where Y 0,dl and n are the characteristic parameters of the constant phase element, j is the imaginary unit, and ω the angular frequency of the AC signal used for EIS measurements [25] . Together with R s and R t , Y 0,dl and n are reported on each plot of Figure 5 . The capacitance C dl , associated with Q dl , can be calculated by C dl = Y 0,dl (ω max ) n−1 [33] , where ω max is the angular frequency corresponding to the maximum absolute value of the imaginary part of impedance represented in Nyquist plots, like those shown in Figure 5 (in correspondence of the top of each semicircle). Figure 9 shows the average values of C dl vs time for all types of samples. A general increase of this parameter indicated the progress of the corrosion of all samples of AA6012, because, during this process, the roughness of their real surface and consequently the value of C dl increased. In particular, Figure 9 clearly shows that the ECAPed samples assumed higher values of C dl with respect to non-ECAPed ones during the short-term exposure, indicating that ECAP made the AA6012 alloy more susceptible to corrosion. This represented a further confirmation of the previous results obtained by analyzing the other electrochemical parameters.
The trend of Qdl can be examined as a function of time considering that its admittance was Ydl = Y0,dl(jω) n , where Y0,dl and n are the characteristic parameters of the constant phase element, j is the imaginary unit, and ω the angular frequency of the AC signal used for EIS measurements [25] . [33] , where ωmax is the angular frequency corresponding to the maximum absolute value of the imaginary part of impedance represented in Nyquist plots, like those shown in Figure 5 (in correspondence of the top of each semicircle). Figure  9 shows the average values of Cdl vs time for all types of samples. A general increase of this parameter indicated the progress of the corrosion of all samples of AA6012, because, during this process, the roughness of their real surface and consequently the value of Cdl increased. In particular, Figure 9 clearly shows that the ECAPed samples assumed higher values of Cdl with respect to non-ECAPed ones during the short-term exposure, indicating that ECAP made the AA6012 alloy more susceptible to corrosion. This represented a further confirmation of the previous results obtained by analyzing the other electrochemical parameters. All these considerations suggest that the microstructure of the examined samples was not particularly different and that only the ECAP slightly influenced their corrosion behavior.
In order to understand the corrosion behavior observed by electrochemical tests, an analysis of the sample microstructures was carried out by SEM-EDX and TEM. All these considerations suggest that the microstructure of the examined samples was not particularly different and that only the ECAP slightly influenced their corrosion behavior.
In order to understand the corrosion behavior observed by electrochemical tests, an analysis of the sample microstructures was carried out by SEM-EDX and TEM. Figure 10 shows two SEM micrographs of a SAE sample surface before the beginning of EIS tests and after 6 h of immersion in the aerated solution. Three different types of particles could be observed before EIS measurements (Figure 10a ), having the composition reported in Table 4 : a large rounded particle (#1) enriched in lead, a small rounded particle (#2) with the presence of magnesium and silicon, and an irregular particle (#3) enriched in iron, silicon, and manganese. From these results, the first type of particle was due to the lead present in the alloy and not solutioned in the Al-matrix, and the second type could be the Mg-Si secondary β-phase (Mg 2 Si), as reported in the literature [23, [34] [35] [36] [37] . The third type of particle (iron-rich phase) was the most documented inclusions present on 6XXX aluminum alloys [38, 39] . In addition, on this surface there were some cavities, probably due to the physical removal of the observed particles during the sample grinding and polishing.
The second micrograph (Figure 10b ), relative to the SAE sample corroded surface, showed a diffuse localized attack, becoming a uniform active corrosion. The numerous cavities presented an irregular shape, the same as the iron-rich intermetallics (#3, #5), suggesting that the corrosion process initiated and proceeded in the Al-matrix around these particles until their detachment occurred. Furthermore, Figure 10b clearly shows a corrosive attack around the lead-rich particle #4 (Table 4) . The increase in porosity, clearly visible by comparing Figure 10a ,b, could explain the reduction of R t and the corresponding increase in i corr as a function of the exposure time (Figures 7 and 8) .
The observed corrosion behavior could be explained considering that the iron-containing intermetallics and the lead particles were nobler than the alloy matrix and, therefore, they were cathodic with respect to the surrounding and corroding matrix [23, 24] . Furthermore, the secondary β-phase contributed to the corrosion of aluminum alloy, but with a different mechanism: it corroded leaving a pit, because this phase was less noble than the surrounding alloy matrix [23, 40] . Unfortunately, considering that the dimension of this phase was significantly smaller than the other intermetallic particles, the effect of its corrosion could not be observed clearly by SEM.
Furthermore, Figure 10b clearly shows a corrosive attack around the lead-rich particle #4 (Table 4) . The increase in porosity, clearly visible by comparing Figure 10a ,b, could explain the reduction of Rt and the corresponding increase in icorr as a function of the exposure time (Figures 7 and 8) .
(a) (b) Figure 10 . SEM micrographs of an SAE sample surface, before EIS corrosion test (a) and after 6 h of immersion in the aerated testing solution (b). Table 4 . Chemical composition (wt%) obtained from energy dispersive X-ray (EDX) analysis of the particles indicated in Figure 10 . The observations made so far could be extended to all studied samples in this work (Table 1 ) because their microstructure before and after the corrosion was almost the same. This explains the The observations made so far could be extended to all studied samples in this work (Table 1 ) because their microstructure before and after the corrosion was almost the same. This explains the above mentioned low difference in the corrosion performances obtained after the electrochemical tests.
Examined Sites
On the other hand, the slight minor corrosion resistance of ECAPed samples compared to that of the not ECAPed ones, found during the short-term exposure tests (Figures 7 and 8) , could be attributed to the different amounts of the small Mg 2 Si secondary phase, evenly distributed in the Al-matrix. Severe plastic deformation like ECAP process enhanced the precipitation of these phase [14, 41, 42] .
TEM analysis were performed only on samples not submitted to cryogenic treatment, considering that the results of corrosion tests showed a poor influence of this process. Therefore, examining the alloy in T6 (SA) and T6 + ECAP (SAE) conditions, a significant distribution difference of the nanometric size Mg 2 Si and Si secondary phase particles was found, as Figure 11 shows.
The direct comparison between SA (Figure 11a ) and SAE (Figure 11b ) samples showed that ECAP greatly promoted a further precipitation of secondary phase particles with respect to the already existing particles after T6 (SA). This was chiefly due to the local adiabatic heating, the shearing deformation that continuously introduced tangle dislocations within the grained structure, and to the plastic rearrangement of grain boundary network and refining grain interior [43, 44] . Thence, it resulted in the SAE samples having a larger volume number fraction of both rod-like Mg 2 Si and rounded Si strengthening secondary phase particles. These were found to be alike in size and volume distribution between the SA and SAE samples. The formation of these nanometric secondary phases was found to have a detrimental effect on the corrosion response of the AA6012 alloy. This in turns determined a counteracting metallurgical effect of ECAP on such aluminum alloys. On the one hand, ECAP greatly improved the mechanical behavior of the AA6012, similar to 6XXX series alloys, through grain size refinement and secondary phase strengthening; on the other hand, ECAP seemed to reduce to some extent, if not jeopardize, the alloy corrosion response in the short-term exposure to aggressive environments. above mentioned low difference in the corrosion performances obtained after the electrochemical tests.
On the other hand, the slight minor corrosion resistance of ECAPed samples compared to that of the not ECAPed ones, found during the short-term exposure tests (Figures 7 and 8) , could be attributed to the different amounts of the small Mg2Si secondary phase, evenly distributed in the Almatrix. Severe plastic deformation like ECAP process enhanced the precipitation of these phase [14, 41, 42] .
TEM analysis were performed only on samples not submitted to cryogenic treatment, considering that the results of corrosion tests showed a poor influence of this process. Therefore, examining the alloy in T6 (SA) and T6 + ECAP (SAE) conditions, a significant distribution difference of the nanometric size Mg2Si and Si secondary phase particles was found, as Figure 11 shows. The direct comparison between SA (Figure 11a ) and SAE ( Figure 11b ) samples showed that ECAP greatly promoted a further precipitation of secondary phase particles with respect to the already existing particles after T6 (SA). This was chiefly due to the local adiabatic heating, the shearing deformation that continuously introduced tangle dislocations within the grained structure, and to the plastic rearrangement of grain boundary network and refining grain interior [43, 44] . Thence, it resulted in the SAE samples having a larger volume number fraction of both rod-like Mg2Si and rounded Si strengthening secondary phase particles. These were found to be alike in size and volume distribution between the SA and SAE samples. The formation of these nanometric secondary phases was found to have a detrimental effect on the corrosion response of the AA6012 alloy. This in turns determined a counteracting metallurgical effect of ECAP on such aluminum alloys. On the one hand, ECAP greatly improved the mechanical behavior of the AA6012, similar to 6XXX series alloys, through grain size refinement and secondary phase strengthening; on the other hand, ECAP seemed to reduce to some extent, if not jeopardize, the alloy corrosion response in the short-term exposure to aggressive environments.
Conclusions
Corrosion behavior of an AA6012 alloy, processed by ECAP and subjected to cryogenic and heat treatments (solubilization and artificial aging), applied by different sequences, was investigated.
The experimental results obtained from the fitting of Tafel plots showed that all the samples, to some extent, had a similar corrosion resistance, independently from the sequence of different treatments (ECAP, cryogenic treatment, solubilization and artificial aging). During the short-term 
The experimental results obtained from the fitting of Tafel plots showed that all the samples, to some extent, had a similar corrosion resistance, independently from the sequence of different treatments (ECAP, cryogenic treatment, solubilization and artificial aging). During the short-term exposure of the samples in the aerated chloride solution, from electrochemical impedance measurements arose a slight difference between ECAPed and non-ECAPed ones. With more details, the ECAPed samples had a slightly worse corrosion resistance when compared to the non-ECAPed ones, due to the large volume fraction of the anodic and nanometric Mg 2 Si and Si secondary phase particles present in the ECAPed samples, because their precipitation was greatly promoted by the ECAP process. The present results do not agree with those of previous works, where there was found a beneficial effect of cryogenic treatment performed before the ECAP process, determining a retardation of secondary phases precipitation and correspondingly an increase of corrosion resistance. The difference between the old and the new samples is that the first were not artificially aged while the second ones were. Therefore, it is concluded that artificial aging, performed on all the studied samples, is able to promote the precipitation of secondary phases and thus to reduce the difference in the corrosion resistances of the present studied samples. As a consequence, if AA6012 is submitted to artificial aging, it is not useful to submit this alloy to cryogenic treatment.
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